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Hydrocarbon solvents are known to be unreactive toward organolithium reagents and do
not typically support ortho-metalation reactions without the aid of a promoter. An exception
would be an arene substrate having the capability to bidentate complex to the reactive
alkyllithium dimer, which enables ortho-metalation to occur in high yields. A second, more
limiting exception, would be that the arene substrate possesses localized lone pairs of electrons,
as is the case when the directed ortho metalating group (DMG) is located in the benzyl position.
The work reported here centers upon developing a third and larger class of arene substrates that
are exceptions to the general rule that metalation in hydrocarbon solvents requires the use of
added promoter.

When an arene is either 1,2- or 1,4- disubstituted with electron donating

DMGs, the lone pairs of electrons on each of the DMG groups are more localized than is the case
for a monosubstituted arene.

The effect of localization allows the arene to complex more

efficiently and therefore metalate. This localization effect we term the Opposing Pi Resonance
Effect.

xi

I.

INTRODUCTION

a) Electrophilic aromatic substitution^AS )
The classic method for substituting aromatic rings is electrophilic aromatic
substitution (EAS). In electrophilic aromatic substitution, an electrophile reacts with an
aromatic ring and substitutes one of the hydrogens on the aromatic ring. Benzene rings
have been substituted using EAS (Figure 1) to form aryl halides, sulfonated arenes,
alkylated arenes and acylated arenes, etc.1

Figure 1. The general mechanism for an electrophilic aromatic substitution.

When a substituted aromatic ring undergoes EAS, the existing substituent plays
a major role in both the rate of the reaction and in the regiochemistry of the second
substituent.

Substituents that increase the reactivity of the benzene ring are termed

activating

groups,

and

include

(in

1

decreasing

order

of

activation)

-NH2, -0CH3, -OH, -NHCOCH3, -CH3, and -C 6 H 5 '.

Substituents that cause the ring

system to be less reactive than benzene are termed deactivating groups including (in
decreasing order of deactivation): -F, -CI, -Br, -I, -CHO, -COOH, -COCH3, -SO3H, CsN, - N0 2 , and -NR 3 + .
In the cases of the substituted aromatic rings where the ring is activated, the
regiochemistry observed is -ortho and -para substitution. (Figure 2).

OMe
OMe

1
+

+ OMe

OMe

I

U

NO/

Para attack

A

-

NO2

NO2

• bNO 2

Highly
contributing

OMe

OMe

OMe

NO,

Ortho attack

OMe

OMe

NO,

NO.

Highly
contributing

Figure 2. The contributing resonance structures of the transition state for ortho- and para- substitution of
EAS of anisole.

Deactivating groups substitute in the meta- position. (Figure 3)

3

Figure 3. The contributing resonance structures of the transition state for meta- substitution of EAS for
nitrobenzene.

Halogens are exceptions in that they are deactivating groups, and they
predominately substitute at the ortho- and para- positions. Resonance donation dictates
the regiochemistry of the reaction.

Induction effect is greater than the resonance

donation; therefore, the halide is deactivating.
The primary shortfall of EAS reaction is its non-regiospecificity for arenes
containing o,p-directing substituents2'3.

When toluene undergoes EAS with the

electrophile N0 2 + , the reaction produces 40% ortho substitution, 57% para substitution
and 3% meta substitution4. A second example of the non-regiospecificity is the reaction
with anisole and nitric acid: 45% ortho and 55% para4.

Therefore, EAS is not a

preferable choice if one is looking for regiospecific production of a single isomer. A
second shortfall is that multi-substitution of the aromatic ring can occur when only one
substituent is desired. And finally, in many EAS reactions the conditions are harsh,
making the use of such reactions undesirable in the presence of existing labile functional
groups.

For example, many medicinal compounds contain both alkene and aryl

4

functional groups. If EAS were used to place -COR onto the aryl functional group, a side
reaction would occur whereby substitution of -COR onto the alkene takes place.5

b) Directed ortho metalation(DoM) as an alternative
An alternative to EAS is the directed ortho-metalation (DoM) reaction. In DoM
reactions, the hydrogen ortho- to an existing substituent (termed a directing ortho
metalating group or DMG) on the aromatic ring is replaced with lithium. The lithiated
arene then reacts in a second step with any of a wide variety of electrophilic substrates to
obtain ortho disubstituted products. (Figure 4)

S„
Solvent (S)

JS

,-K

(deoligomerize)
hexamer
Putative reaction
dimer

S,

JS
DMG

/LK

DMG
-Li
+

s'

v

Reoligomerization

s

Figure 4. T h e generic s c h e m e o f D o M .

All of the shortfalls associated with the EAS reaction are avoided in the DoM
reaction.

Specifically, DoM is a regiospecific reaction (always ortho-), rarely involves

multiple sites of lithiation, and involves milder reaction conditions. Therefore, the DoM

5

reaction is an attractive alternative to EAS for the purpose of generating substituted
aromatics. However, the classic DoM reaction itself has some inherent shortfalls. The
remainder of this section will focus on providing a brief history and some detail
associated with the classic DoM reaction concluding with a treatment of the specific
inherent shortfalls alluded to above.

c.) History of the DoM Reaction
Directed ortho- metalation chemistry can be traced back over 60 years, to Gilman
and Wittig who were the first to metalate an aromatic (anisole) in high yield via a DoM
67 *

procedure. '

.

.

.

•

Since the first investigation of anisole, many researchers have extensively

examined anisole and anisole derivatives with different types of alkyllithium reagents.
Historically, the alkyllithiums utilized in DoM chemistry are n-BuLi and phenyllithium,
though recently methyllithium, sec-BuLi, and tert-BuLi and others have been employed.
d. Extant Directed ortho metalation Mechanisms
The proposed mechanism(s) involved with DoM have been a recent focus in the
literature. No singular precise mechanistic paradigm uniformly explains all the
observations in directed ortho-metalation chemistry under varied conditions. Each of the
mechanistic paradigms that are proposed for DoM chemistry involves the ultimate
insertion of lithium into the C-H bond ortho to the pre-existing substituent (the DMG).
They are different from one another in the way they reach the final transition state,

6

specifically in whether prior-complexation of the substrate to lithium is required.
Further, they also differ in the proposed structure of the transition state itself.
At this time, there are two general working theories for the mechanism of the
DoM.

Before addressing the details of these paradigms, it is necessary to evaluate the

basics associated with alkyllithium reagents and the form that the reagents take in organic
solvents. The organolithium reagents commonly used in DoM chemistry are n-BuLi, secBuLi and PhLi (aryllithium). In all three cases, the organolithiums are polar species and
as a result of that polarity can exist as the hexamer, tetramer and/or dimer. When the
alkyllithium reagents are in the form of the hexamer and/or tetramer, they are thought to
be less reactive than the dimer.8 The dimer form is thought to be the most reactive
oligomer of the alkyllithiums.9

Therefore, the hexamer and tetramer forms of the

alkyllithium need to be deoligomerized to the dimer form in order for a more productive
reaction to occur.

Deoligomerization is defined as:

hexamer

Li

Li

Li
tetramer

Dimer

Figure 5. The steps of deoligomerization n-BuLi from the hexamer to the dimer with the tetramer as the
intermediate oligomer.

In order for deoligomerization to take place, solvent molecules must coordinate to the
lithium atom (Figure 6).

7

+

Li
/6

(deoligomerize)

\

^Li-

/

hexamer
Putative reaction
dimer
Figure 6. The generic deoligomerization of an n-butyllithium hexamer when in presence of a coordinating
solvent.

The dimer form is of great importance because each of the two mechanisms involves, in
some manner, a reactive dimer.
The more polar a solvent molecule is, the greater its ability to complex to and
deoligomerize the organolithium.

Therefore, ether solvents support generation of a

higher concentration of lower oligomeric species than hydrocarbon solvents. The exact
oligomeric make up of any organolithium in a given solvent varies based upon what the
precise solvent is and the identity of the organolithium itself.10
Table 1. List of different aggregations that are present for specific alkyllithium reagents
in specific solvents10
Rli
n-BuLi
n-BuLi
n-BuLi
s-BuLi
s-BuLi
s-BuLi
t-BuLi
t-BuLi
t-BuLi
PhLi
PhLi

Solvent
Cyclopentane
THF
Et 2 0
TMEDA-hydrocarbon
THF
Hydrocarbon
Hydrocarbons
THF
Et 2 0
THF
Et 2 0

Aggregtion
Hexamer-octamer-nonamer
Dimer (major)-tetramer
Tetramer
Tetramer
Monomer (major)-dimer
Tetramer-hexamer
Tetramers
Monomer-dimer
Dimer
Monomer-dimer
Dimer-tetramer (major)
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i)

Complexed Induced Proximity Effect (CIPE)

The complexed induced proximity effect (CIPE) in its most general form simply
states that substrate must incorporate into a complex with n-BuLi prior to metalating.
The acronym that is used to describe this mechanism is CIPE:

Complexed Induced

Proximity Effect. n ' 1 2 Complexed because of the need for substrate complexation into the
dimer, induced because complexation causes the Proximity of the ortho C-H bond to the
reactive center, Mfect because the overall sequence is interconnected.

While little

additional detail has been forwarded, especially in terms of rigorous analysis of the actual
intermediates

involved, many papers depict

dimeric complexes

of n-BuLi

as

coordinatively saturated species.13"19
Thus, extrapolating from such schemes in the literatures, the first stage of this
multi-step mechanism begins with the putative reactive intermediate, a dimer that is
thought to possess four solvent molecules (Figure 6 and Figure 7). It is proposed that
prior coordination of the substrate to the alkyllithium reagent is necessary for the
chemistry to proceed. Therefore, the coordinatively saturated species, if it is involved,
must accept the substrate molecule in the form of complexation between the DMG on the
substrate and lithium (in Figure 7, the -OCH3 group). For this substitution to take place,
a solvent molecule on the coordinatively saturated dimer must be displaced by the
substrate in either of two possible ways:
associative path (Sn -like) (Figure 7).

by a dissociative path (Sn'-like) or an

9

Step 1. CIPE
S.
' Li
(deoligomerize)
hexamer

v >

S

s'

S

'

N

"s

Putative reaction
dimer

Figure 7. The dissociated and associated pathways for the coordination of anisole (S represents the solvent
group).

The dissociative path is a process by which the substrate replaces one solvent group in an
Sn2-like reaction. This produces a dimer with one substrate and 3 solvent groups. If such
a dissociative path were operative, the rate issues would be largely determined by the
characteristics of the DMG's ability to act as a nucleophile and the ability of the solvent
to be a leaving group. In an alternative sense, an associative path can be followed in
which the first step is for a solvent molecule to leave the dimer. Then the substrate reacts
with the dimer that has a coordination site open because of the missing solvent group,
forming a species that is a dimer with three solvents and one substrate complexed. This
reaction is Sn1 -like. Here, only the ability of the solvent molecule to function as a

10

leaving group matters in terms of reaction rates, as well as the relative stability of the (nBuLi)2*S3 species.
Step 2: CIPE

Figure 8. Insertion of the lithium atom into the C-H bond ortho- to the DMG group.

Whichever of the two initial stages of this mechanism is operative, either
dissociative or associative, the resulting species that possesses three solvent molecules
and one substrate molecule complexed to the BuLi dimer must lose a second solvent
molecule (Figure 8). The solvent molecule that departs must be the one that was initially
adjacent to the complexed substrate molecule. The reason for the necessary loss of a
solvent molecule adjacent to the complexed substrate is to generate a coordinately
unsaturated site for lithium to insert into the C-H bond (Figure 8).
The second step involves the loss of another solvent molecule adjacent to the site
that has the complexed substrate followed by lithium insertion into the ortho C-H bond
with respect to the DMG. The regiochemistry is specific to insertion ortho to the DMG
by virtue of the proximity of the ortho C-H bond to the lithium (and the carbanion on the
butyl group). The lithium insertion process is shown where it is clear that the only C-H
bond oriented for lithium insertion is the C-H ortho to the DMG (Figure 9). Through the

11

complex, the correct orientation is achieved and the substitution of lithium and hydrogen
can occur. In the CIPE scheme, the electron rich atom in the DMG coordinates with the
electron deficient lithium atom, thus allowing the ortho hydrogen to be in close proximity
of the lithium electrophile. The close proximity enables the lithium to insert as the orthoproton is obstructed by the anionic portion of the butyl group of n-BuLi. This proximity
effect is often referred to as a neighboring group or agnostic effect.

Figure 9. The second step of the literature CIPE mechanism showing the lithium insertion into the position
ortho- to the DMG group

A variation of the aforementioned involves a different sequence of events. This
sequence is a dissociated pathway that will lose two solvent molecules before
complexation of the substrate.

An initial solvent molecule dissociates from the

coordinatively saturated putative reactive dimer to yield a dimer with three solvent
molecules (Figure 10). This species then loses yet another solvent molecule from the
already coordinatively deficient lithium via a dissociative pathway to yield a dimer with
two adjacent open coordination sites (as well as other isomeric forms). The next event in
the sequence is for the substrate molecule to insert into the unsaturated lithium

12

complexed molecule.

Because the site adjacent to the coordinated substrate is already

vacant it is set up for immediate lithium insertion into the C-H bond of the substrate.
This variation still involve the essential components of a CIPE mechanism because it
involves prior complexation of the substrate with the dimer and, once substituted, the
hydrogen of C-H bonds must still be in close proximity of the lithium insertion to be
viable.

s.

,s

s

Figure 10. A second dissociative CIPE mechanism, the loss of two solvent groups before complexation of
the substrate.

It may well be that the initially formed dimer in the CIPE mechanisms may not be
coordinatively saturated. If that is the case, then the need for associative or dissociative
pathways is not relevant. There exists much variability with the CIPE paradigm because

13

so little detail is known. Moreover, any process involving prior coordination of substrate
and intramolecular insertion/deprotonation generally falls in this class.

ii)

Overriding Base Mechanism

The second general scheme is based largely on the acidity of the ortho proton.
With this mechanism, prior-coordination of the substrate to the alkyllithium is not
necessary. Instead, lithium insertion into the C-H bond ortho- to the DMG is driven by
the ability to remove the ortho-hydrogen from the substrate. This mechanism is known
as the "overriding base" mechanism.

The electron withdrawing effect of the DMG

dictates that the ortho-proton is the most acidic proton and therefore governs the
regiochemistry. An increase in the electron withdrawing effect of the substituent will
increase the acidity of the ortho hydrogen; therefore, the stronger the electron
withdrawing group, the greater the acidity of the ortho hydrogen. Electron withdrawal
takes place through the a-bond via the inductive effect.

Figure 11. Overriding base scheme: The alkylide removes the acidic proton which is replaced by a lithium
ion and forms an ionic bond with the aromatic anion.

14

The key distinctive feature of this paradigm is that it does not correspond to the
CIPE mechanism, i.e., the substrate does not need to coordinate to the reactive dimer
prior to the extraction of the proton.

Instead, the reactive dimer acts as a base that

abstracts the acidic proton at the ortho position with respect to the directing metalating
group or DMG (Figure 11). The exact number of solvent molecules complexed to the
reactive dimer is between one and four.

This mechanism is thought to be most

competitive under conditions where the DMG group does not have the ability to complex
with the putative reactive dimer (i.e., the methyl group of toluene cannot complex to
lithium within a dimeric alkyllithium).
An example of a DMG that is a poor coordinating group is the -CF3 group.
Benzotrifluoride is a reagent that can metalate only through a mechanism employing
inductive effects;13 that is, an overriding base mechanism is the only possibility for the
metalation in this case because the -CF3 group is unable to complex to lithium which
prevents any CIPE type reaction occurring.

Specifically, a -CF3 group cannot complex

into the dimeric alkyllithium putative reactive dimer and so metalation cannot occur via a
CIPE mechanism.

Therefore if it does react at all, the plausible explanation is an

overriding base mechanism. Roberts and Curtin's experiments with the meta directing
*

EAS group, -CF3, under DoM conditions produced a high yield of ortho-substitution to
the DMG group.13 Their conclusion was that the electron withdrawing capability of the CF3 makes the ortho H of the C-H bond more acidic. Thus, the alkyllithium dimer will
abstract the acidic proton.

15

e. Limitations of DoM Chemistry in Ether Solvents
In most of the DoM chemistry reported in the literature, ether solvents are used.
Gschwend and Rodriguez, reviewed over 50 different ether DoM reactions performed
under a variety of different conditions (different reaction time lengths, different
temperatures, different substrates and different lithium reagents).14 Shelton has reviewed
92 different ether DoM reactions for the di- and tri-methoxybenzenes, reporting in his
thesis the conditions, reactants, products and yields for each reaction.15

In the two

reviews mentioned and in dozens of studies not mentioned, ether compounds have been
the solvent of choice for DoM chemistry.
There are drawbacks in the use of ether solvents for DoM chemistry. One of the
major drawbacks is that the ether solvents also have localized electron pairs on heteroatoms that can react with the lithium reagent.16

A second potential problem is the ability

of ether to absorb water from the atmosphere. Water can react with the organolithium
species to form lithium hydroxide and the parent hydrocarbon.17,18 Therefore, special
care must be taken to remove and keep water out of the ether solvent.
17
have a tendency over time to form peroxides.

Thirdly, ethers

•
Due to this decomposition possibility,

ethers must undergo pretreatment to remove any peroxides that might have formed.
Finally, ethers also pose an environmental problem with the disposal of the peroxides and
the ethers themselves. The disposal of ethers is expensive and cumbersome. Due to all
of these problems, ethers are rarely considered for large-scale industrial synthesis.
Therefore, DoM chemistry is not very inviting to industrial synthetic chemists.

16

f. Motivation for DoM Chemistry in Hydrocarbon solvents
Our research group has endeavored to make strides in DoM chemistry utilizing
hydrocarbon solvents such as n-pentane, n-hexane, cyclohexane and toluene.
solvents are inert toward alkyllithiums, unlike the ethereal solvents.

These

Also, with

hydrocarbons, there is no need to worry about the formation of peroxides or water
contamination.

In industrial applications, hydrocarbon solvents do not present the

environmental problems of disposal that bulk quantities of ether solvents present. Also,
hydrocarbon solvents do not pose the safety problem that bulk quantities of ethereal
solvent pose. For these reasons, hydrocarbon solvents are superior to ether solvents for
industrial applications of DoM chemistry.
Hydrocarbon solvents, as media for DoM chemistry, do have some considerations
that must be taken into account.

One major consideration with hydrocarbons is the

inability of such nonpolar solvents to deoligomerize the alkyllithium reagents.

Most

alkyllithium reagents in hydrogen solvents exist in the form of higher oligomers such as
hexamers, tetramers etc, which are thought to be unreactive toward directed ortho
metalation. The reason that the alkyllithium species aggregate, or oligomerize, is that
they are very polar species in a non-polar solvent. In pure cyclohexane, n-BuLi is nearly
100% hexamer and unreactive (Figure 12).

n-Rni i

Figure 12. An example of an alkylithium reagent oligomerizing in a non-polar solvent
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In contrast, n-BuLi is largely tetramer with varying amounts of dimer in pure ether
solvents. The lower oligomers are known to be reactive in DoM chemistry. Thus the
problem is this: ethers are supportive of DoM chemistry but possess undesirable features,
particularly in bulk quantities, whereas hydrocarbon solvents represent a more desirable
media. Therefore, it is necessary that the organolithium reagent be deoligomerized to a
lower oligomeric form such as a dimer in order to react sufficiently. To that end, in the
presence of a hydrocarbon solvent, a promoter must be added.

The function of the

promoter is to deoligomerize the alkyllithium reagent to a more reactive form, thus
enabling high efficiency product formation. The reason that the addition of polar lonepair bearing promoters can break down, or deoligomerize the alkyllithium, is that these
species can donate lone-pair electron density through complexation. Thus, a hexameric
alkyllithium will break down to tetramer and/or dimer upon promoter addition (Figure
13).

hexamer
Figure 13.
promoter.

Common

The deoligomerization of the n-BuLi hexamer to the tetramer and dimer in presence of

promoters

used

in

DoM

chemistry

are:

TMEDA,

pentamethyldiethylenetriamine (PMDTA) and THF,19,20 as well as other species
possessing lone pairs on heteroatoms that are capable of complexing alkyllithiums. Only
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a fractional equivalence of such promoters is required to complex and deoligomerize the
alkyllithium. Even though some promoters are ethers, they exist in such small quantity
within the hydrocarbon media that industrial application is still viable.
The advantage of hydrocarbon/promoter based DoM reactions is enormous as
relates to safety/cost/environmental concerns, but this advantage is meaningful only if the
reaction yields under such conditions are comparable to those in ether solvents.21

g) Efficacy of Hydrocarbon based DoM reactions utilizing promoters
In 1970, Lewis and Brown22 reported a study of the nature of alkyllithiums in
hydrocarbon solvent. In both benzene and cyclohexane, they report that ethyllithium and
n-butyllithium are in the form of hexamers.

These assertions are based upon

measurements of colligative properties within the realm of cryoscopic chemistiy. They
also note that when one base (promoter) per lithium is added, a shift from hexamer to
tetramer occurs. The bases that were tested in the investigation were: tetrahydrofuran,
diethyl ether, triethylamine, cineole, quinuclidine and tetramethylenediamine.

Their

results showed that the unreactive hexamer can be changed to a more reactive tetramer by
adding small amounts of base.
Crowther et. al.

investigated the lithiation of aromatic ethers in the presence of

both hydrocarbon solvent and ether solvents.
aromatic ether species.

The main focus was to di-lithiate the

From his data, Crowther showed that di-lithiation could be

obtained in comparable amounts when either ether or hexane solvents are used (Table 2).
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Table 2. An extensive list of reactions of DoM chemistry in hydrocarbon solvents in the
literature with reported yields, conditions and products.

Arene Lithiated (ref.)

Conditions

N, N -Dimethylaniline 14 '

n-BuLi,
n-hexane,
reflux/16
hour
Same

24

Same 14 ' 24

Derivatization
agent
CF3COCF3

OrthoProduct (%)
-C(CF 3 ) 2 OH
49%

CH3COC2H5

Same 14 ' 24

Same

Cyclohexanone

Same 14 ' 24

Same

1,2-epoxycyclohexane

-(HO)C(CH 3 )C 2 H 5
20%
-(1-hydroxy)cyclohexyl
31%

Same 14 ' 24

14 24 2i

Same ' '

Same26

Same

27

N,N,N' ,N' -Tetramethyl o-phenylenediamine28

Same

n-BuLi
n-hexane
TMEDA
25°C / 4 hr
n-BuLi
n-hexane
TMEDA

PhCOCH 3

Benzophenone
Ph 2 CO

(a)cyclohexenyl
(b)2-hydroxycyclohexyl
(a) 14% (b) 7 %
-C(OH)(CH 3 )Ph
34%
-CPh 2 OH
71%

Ph 2 PCl

-PPh 2
43%

n-BuLi
n-hexane
reflux/ 5 hr

Ph2PCl/ -20°C
Reflux/ 5 hr

n-BuLi
n-hexane
55°C/
48 hr

1 .Benzophenon
e
Ph 2 CO
1. H +

Ortho
substituted with
- PPh 2
85%
Single Ortho
substituted with
-C(OH)Ph 2
50-60%
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N,N-Dimethyl-3,5n-BuLi
bis(trifluoromethyl)aniline n-hexane
29
12 hr

p-methyl-N,Ndimethylaniline14'25

n-buLi
n-hexane
TMEDA
Mild reflux
72 hr

PC13

Benzophenone
Ph 2 CO

Ortho
substituted with
(a) -PC12
between
N(CH3)2 &
CF3
(b) -PCI2
between CF3
&CF 3
(a) 70% (b) 7%
Ortho
substituted to
theN(CH 3 ) 2
with
-CPh 2 OH

N,N,N' ,N' -Tetramethylp-phenylenediamine

n-BuLi
n-hexane
55°C /
48 hr

Benzophenone
Ph 2 CO
1.) H +

N,NOft
dimethylenzylamine

n-buLi
n-hexane
TMEDA

Ph2PCl

Same'

0

Same J1

(-)(S)-N,N-Dimethyl-1 phenylethylamine2

52%
Single Ortho
substituted with
- CPh 2 OH
50-60%
Ortho
substituted with
-PPh 2

n-BuLi
n-hexane
reflux/3 hr

BCI3
-40°C

60%
Ortho
substituted with
-BC12

LiBr
Benzene
Octane
25°-30°C

Benzophenone
Ph 2 CO

62%
Ortho
substituted with
-CPh 2 OH

n-BuLi
n-hexane
TMEDA

Ph2PCl

40%
Ortho
substituted with
-PPh 2
35%
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1,4-dimethoxybenzene23

Same
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1,2,4-trimethoxybenzene

n-BuLi
hexanes
25°C/71 hr

C1TMS

3.0 eq nBuLi
hexanes
TMEDA
25°C
91 hr

C1TMS

n-BuLI
hexanes
TMEDA
25°C
16 hr

C1TMS

Ortho
substituted with
-TMS
75%
Ortho
substituted with
(a)-TMS
(b)-bi TMS
(a) 12%
(b) 94%
Ortho
substituted
between the two
methoxy groups
with
-TMS
80%
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In both cases, Crowther used a 1:1 mixture of TMEDA: n-BuLi. The TMEDA was used
to convert the hexamer to the more reactive species. Crowther also showed that anisole
in the presence of hydrocarbon at room temperature and after 29 h. of reaction time
produced 71% ortho substituted derivative. In ether, the yield was 72% after 12 h
(Table 3).
Slocum et. al.19 have shown that anisole can be metalated efficiently in
hydrocarbon containing equivalents of tetrahydrofuran. When three equivalents of THF
are added to the system, a maximum amount of lithiated anisole product is formed. One
of their studies involved allowing the reaction to run 24 hours before addition of THF,
and it was noted that a tremendous rate increase occurred after the addition of THF.
They inferred that the increase in rate was due to the fact that THF transforms the n-BuLi
hexamer to the more reactive dimer species.
Slocum and Dietzel

demonstrated that in cyclohexane solvent p-chloroanisole

could be metalated with THF as promoter in about 86-88 percent yield. But when neat
THF, TMEDA/hydrocarbon and TMEDA/ether solvents are used, the products from
benzyne are formed as the major products. They also mention that if diethyl ether is used
as a solvent, lower rates and lower extent of metalation are observed.
Kraus and Kim

have studied the metalation of 5-substituted naphthoquinones in

hydrocarbon solvents.

They demonstrated that by protecting the alcohol at the one

position with TBSCL, they could prevent metalation of the 2 and 8 positions and get
regiospecific metalation at the 8-position.

They obtained 54% yield of product in

cyclohexane after 72 hours with the electrophile being methyl iodide. But when they did
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the reaction in ether, under the same conditions, they only obtained 34% yield. They also
used different electrophiles such as DMF, (PhS)2, CO2, PHCHO, propylene oxide and
BnBr, and achieved anywhere from 17 to 50% yield of product.

In all cases, the

alkyllithium reagent was t-BuLi and the solvent was cyclohexane.
The above examples serve to illustrate that hydrocarbon based DoM reactions
can, under certain circumstances, outperform the same metalation in ether solvent. In
many cases, yields and regiospecificity are comparable. Given that the industrial use of
hydrocarbon solvents is generally preferred over the industrial use of ethers as solvents,
primarily on basis of safety, storage and environmental considerations, coupled with the
fact that the DoM performance in the two media are comparable, DoM reactions
preformed in hydrocarbon media is an inviting alternatives.

h. Specific focus of thesis work
Hydrocarbon solvents do not possess the ability to deoligomerize alkyllithium
reagents due to their non-polar nature.

A lone-pair baring molecule, coordinating

molecule is required to deoligomerize the alkyllithium. Therefore, hydrocarbon-based
DoM chemistry requires a promoter to act as the deoligomerizing agent. Examples of
promoters that are commonly used in the deoligomerization process of the alkyllithium
are (Figure 14):
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\
and
Tetrahydrofuran (THF)

N'

-N

\

Tetramethylethylenediamine (TMEDA)

Figure 14. Examples of promoters

Both THF and TMEDA have the required polarity to sufficiently deoligomerize the
alkyllithium reagents from the hexamer and tetramer to the dimer form. In the case of
THF as a promoter, the oxygen of THF is thought to form a complex with the lithium of
the higher oligomeric alkyllithium reagent to break down the higher oligomeric forms to
a lower oligomeric form, specifically a dimer in the ratio of four THF to one dimer (two
alkyllithiums) (Figure 15). With respect to TMEDA, the two nitrogens of TMEDA form
a complex with the lithium of the alkyllithium reagent. The ratio, in this instance, is
thought to be two TMEDA for each dimer (Figure 15).
THF

u;

THF
-y

/6

THF

in Hydrocarbon
THF'

Xi'

THF

\ / ~ \
—N,
TMEDA

/
,N—

Ii'

in Hydrocarbon

Figure 15. The complexation of the alkyllithium reagent from the hexamer to the dimer in the presence of
the THF and TMEDA promoters.
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Why do promoters deoligomerize the alkyllithium to the putative reactive dimer
species? Both THF and TMEDA contain heteroatoms that possess lone pairs of electrons
that will interact with the higher oligomeric forms of the alkyllithium. With the absence
of promoter, the only avenue of the stabilization of the lithium species is the butyl anion
that tends to oligomerize to the hexameric alkyllithium.

When promoter is added the

lone pairs of electrons gives a second avenue for the lithium atom to be stabilized, thus
breaking down the hexameric and tetrameric alkyllithiums to the putative reactive
dimeric alkyllithium.
One of the goals of our research group is to modify and simplify DoM
chemistry in hydrocarbon media by eliminating the promoter entirely. If a substrate is
used that has an electron pair-bearing DMG group capable of complexation to lithium,
then the substrate can itself act as the promoter in the sense it facilitates
deoligomerization of the organolithiums reagent.

If the primary manner in which a

promoter deoligomerizes an alkyllithium involves lone pair coordination, what would
happen if the substrate itself could complex to and deoligomerize the alkyllithium? THF
is an ether with lone pairs on oxygen and these lone pairs enable complexation to and
deoligomerization of the alkyllithium. Since anisole is an ether that has lone-pairs of
electrons, does anisole have the capability to deoligomerize the alkyllithium? Likewise,
TMEDA is a nitrogen lone-pair bearing amine; therefore, can we expect that
dimethylaniline would also function in a similar fashion?
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Initial Hypothesis
:o-CH.
since

[

deoligomerizes,

then

"O" lone
pair

since

/

may deoligomerize

"O" lone
pair

^

deoligomerizes,

N" -lone pair

then

may deoligomerize

'N" -lone pair

Figure 16. Initial hypothesis that anisole and dimethylaniline may function to deoligomerize and undergo
DoM Chemistry without promotions.

If this hypothesis is proven flawed, and species such as anisole and dimethylaniline
cannot function as both promoter and substrate, then what is the fundamental difference
between the aromatic ether (or aromatic amine) and their aliphatic counterparts?
Moreover, how can one modify the aromatic species so that facile metalation can occur
without the need for added promoter?
Thus, the focus of this thesis is to design substrates that can undergo metalation in
hydrocarbon media without the addition of a promoter. More specifically, we wish to
address all the mechanistic detail of how such "substrate-promoted" hydrocarbon DoM
reactions occur and how this mechanism compares to the mechanistic paradigms
addressed earlier. The ultimate goal is to understand the parameters to manipulate in
order to perform DoM reactions in hydrocarbon media without the need for added
promoter.

II. DISCUSSION AND RESULTS

a. Initial Work Within Our Laboratories

The most commonly used alkyllithium, n-BuLi, has the ability to aggregate into
o Q "JT

r

)'J "J A

three different oligomeric structures: dimer, tetramer, and hexamer. '

" Both the

nature of the solvent, catalyst and the promoter affect oligomeric structure. In non-polar
hydrocarbon solvents, a hexameric structure33 exists, which generates little, if any,
99
metalation of aromatic structures. In diethylether n-BuLi exists in a tetrameric form,
whereas in THF a mixture of the dimeric and tetrameric structures exist.

In these

oxygen-containing solvents, moderate to high metalation yield can be achieved. While
the tetramer may be reactive in some cases, the dimer is considered the most reactive of
the n-BuLi oligomeric forms.34
When catalysts such as THF and TMEDA are added to non-polar
hydrocarbon
or -3 0*7
solvents in low concentration, significant metalation yields result. ' '

Recently, low

temperature NMR studies have shown formation of a symmetrical dimeric n-BuLi TMEDA complex in the presence of stoichiometric amounts of TMEDA in toluene-dg
under extreme dilution (Figure 17).38 Subsequently, Collum showed that the dimer is
formed in a >20:1 ratio over any other oligomer structure in toluene-ds when TMEDA is
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28
added.45 A conclusion then follows that these species catalyze metalation through dimer
formation.
THF

r A

THF

Me,N.
2 -„. .- .NMe,
2
X i \'
/
\\
//

/U''-

Xi'
THF'

THF

Me,N
2

v_/

Nme,
2

Figure 17. Dimer formation facilitated by THF (monodentate) TMEDA (bidentate).

In the CIPE paradigm, competitive coordination of the dimer by both the
promoter and the substrate occurs. In such cases, complexation also increases the acidity
of the ortho- hydrogens. Both of these factors contribute to the overall CIPE concept.
In earlier work from our laboratory, we endeavored to see if anisole and
dimethylaniline, DMA, were capable of being metalated in hydrocarbon media without
the aid of added promoter. The ability of anisole to complex with and deoligomerize nBuLi was followed by room temperature

13

C NMR. The interpretation of the data from

the NMR investigation led to the conclusion that anisole does not deoligomerize n-BuLi
to ant extent. Specifically, anisole forms less than 1% complex with n-BuLi after 3 h of
equilibration time.

Further, when anisole was reacted with n-BuLi under substrate

promoted reaction conditions (that is, reacting anisole with n-BuLi in hydrocarbon
solvent without added catalyst), only 8% of the derivatized anisole product was produced
after 24 hours. Similarly, when DMA is reacted with n-BuLi under similar condition and
*
is
followed by

13

•
C NMR in
order to evaluate complexation, no evidence for complexation
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can be found. Further, when the reaction between DMA and n-BuLi is quenched with
Cl-TMS, no product forms. These two findings indicate that neither anisole nor DMA
function to complex to or deoligomerize n-BuLi in hydrocarbon media. Because anisole
and DMA do not complex/deoligomerize n-BuLi, neither substrate undergoes discernable
metalation. These observations are consistent with the tenets of the CIPE mechanism;
since neither substrate can complex to n-BuLi, neither substrate can undergo metalation.
These early observations indicate that the initial hypothesis posed when I began
my thesis research (Figure 16) is not valid. Therefore, the question arises as to why.
Specifically, why does THF complex to and deoligomerize n-BuLi when anisole, which
is also an ether, fails to complex to or deoligomerize n-BuLi? Also, why does TMEDA
complex to and deoligomerize n-BuLi when DMA, which is also an amine, fails to
complex to or deoligomerize n-BuLi? The answer to these questions, we assert, has to do
with availability of the lone pairs of electrons on the heteroatoms themselves.
Both DMA and anisole possess heteroatoms on atoms attached directly to the
aromatic ring, thus the possibility of lone-pair electron density donation to the ring exists.
Such lone pairs are delocalized into the aromatic ring (Figure 18).
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Figure 18. Showing the derealization of the lone-pair of electrons on the heteroatoms into the aromatic
ring system.

This delocalization results in a reduction of lone pair availability on the heteroatom that
will diminish the ability of the heteroatom to complex. Because the reduction of lone
pair electron density on the heteroatom reduces the ability of the heteroatom to complex,
it also reduces the ability to deoligomerize the alkyllithium species. In the cases of THF
and TMEDA, their heteroatoms have lone pairs of electrons that are localized, without
any contribution of delocalization. Therefore, the lone pairs on THF and TMEDA are
readily available for donation and thus enable these catalysts to complex to and
deoligomerize alkyllithium species.
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Figure 19. Depiction of localized lone pairs on catalysts in the deoligomerization and complexation of
n-BuLi.

A prerequisite for a chemical species to function as a catalyst is that there must be
sufficient lone pair electron density availability to facilitate complexation to and
deoligomerization of the alkyllithium. On this basis, both THF and TMEDA are able to
function as catalysts. However, neither anisole nor DMA has sufficiently localized lone
pair electron density available to afford significant deoligomerization of n-BuLi. Thus,
neither anisole nor DMA are capable of undergoing o-lithiation without the addition of an
external catalyst).

More specifically, neither anisole nor DMA can function

simultaneously both as a catalyst and as a substrate.
An interesting comparison arises when the efficiency of promotion by
TMEDA versus THF is examined. It was determined that only 0.15 equivalence of
TMEDA is required to deoligomerize the alkyllithium reagent in order to produce a
reasonable yield of ortho-lithioanisole. In contrast, when THF is used as the catalyst for
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the DoM chemistry, one equivalent of THF is required, a more than six-fold increase over
the amount of TMEDA required.
Why is so much more THF required to promote chemistry when so little TMEDA
is needed? The answer to this question is that TMEDA can form a chelate with lithium,
whereas THF can only for a monodentate complex.

Monodentate

Bidentate ligand

^

i/
MeJM.

,NMeP

Xi

Me,N
2

\

Nme~
/

2

Figure 20. Depiction of monodentate versus chelation in THF and TMEDA, respectively.

The ability to form a chelate with alkyllithium reagents apparently facilitates the
extent of complexation and therefore the extent of deoligomerization of the alkyllithium
species. Thus, the ability to chelate must be added to the degree of lone pair localization
as ideal attributes for a chemical species to act as a promoter in hydrocarbon-based DoM
chemistry. If this is true, and our goal is to craft substrates that can function as both
promoter and substrate, then it is reasonable to evaluate substrates containing two
directing metalating groups (DMG's).
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The first di-substituted arenes chosen for evaluation was 1,2-dimethoxybenzene
(1,2-DMB). This substrate was chosen because of the possibility to form a chelate with
lithium. We recognize that anisole cannot promote its own chemistry because of the
aforementioned problem associated with delocalized lone pairs. Our hope was that the
ability to chelate would compensate for moderate lone pair electron density availability.
(Figure 21)
OMe
-OMe

1,2-Dimethoxybenzerie
Figure 21. The structure of 1,2 -DMB which is used to investigate whether bidentate complexation
facilitates the deoligomerization of alkyllithium reagents.

It is our hypothesis that 1,2-DMB can bis-coordinate, with both methoxy oxygens
coordinated to the same lithium atom (Figure 22).

Figure 22. The envisioned complex between 1,2-DMB and the n-BuLi dimer.
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AMI semi-empirical calculations indicate that the through-space distance between the
oxygens of 1,2 DMB is 2.88 angstroms, which compares to 3.04 angstroms for the N-N
distance in the eclipsed conformation of TMEDA.

Since it is well established that

TMEDA complexes to a single lithium in a chelate fashion, and since the 0 - 0 distance in
1,2- DMB so closely approximates that same distance, it is reasonable to propose that if
1,2- DMB does complex, it will do so in a manner similar to TMEDA.

Further,

chelating interactions are quite favorable when 5-membered rings can be formed. The
assertion

that

such

substrate/n-BuLi

complexes

could

facilitate

metalation

is

unprecedented. In fact, two recent articles speculate that two methoxy groups ortho to
each other on the aromatic ring will sterically interfere with one another and thereby
decrease metalation.39'40

This speculation is contrary to what we have observed.

Metalation of 1,2-DMB in n-hexane without the presence of a promoter affords a
maximum 72% corrected GC yield of the 3-TMS product (Figure 23).

Substrate-Promoted metalation of 1,2-DMB
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Figure 23. Average plot of the runs of a 1:1 ratio of 1,2-DMB to n-BuLi in hexane solvent at 25°C.41
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We also examined several reactions where ether was used as the medium for comparison
with our results in which a hydrocarbon medium was employed. No conditions were
found where the metalation of 1,2-DMB proceeded as well in ether solvent as it did in
hydrocarbon solvent, even when TMEDA catalyst was used.
1,2-DMB NMR DATA There exists one methoxy carbon signal at 54.8 ppm in
1^
the

IJ

C NMR spectrum of 1,2-DMB in cyclohexane. When n-BuLi in cyclohexane is

added to the 1,2-DMB to generate a mixture with a 1:1 molar ratio of n-BuLi: 1,2-DMB
(1M concentration of n-BuLi), a second methoxy carbon signal at 53.9 ppm emerges with
increasing time. The new signal represents the new methoxy group from a 1,2-DMB that
is complexed to oligomeric n-BuLi, i. e., the dimer or tetramer, since the hexamer never
survives complexation. Again, there is only one symmetry type for the methoxy group
and therefore both methoxy groups of the 1,2 - DMB must be complexed in a bidentate
fashion (Figure 22).

The amount of the complexed form of 1,2-DMB versus

uncomplexed 1,2 -DMB increases with time more markedly than that for 1,3-DMB.
time equals zero, 91% complexation is observed.
complexed form is approximately 97%.

At

After one-hour reaction time, the

After three hours, the NMR sample tube

containing the 1,2-DMB/n-BuLi/cyclohexane was nearly entirely solid, corresponding to
better than 98% complexation.(Table 3)
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Table 3. Substrated promoted D o M chemistry in hydrocarbon solvents. % complex in
solution, solid and total % Complex as determined (page 83-5 for h o w calculated) by 13 C
NMR.

Substrate Promoted DoM Chemistry in Hydrocarbon Media
O p p o s i n g - P i - r e s o n a n c e / S u b s t r a t e - P r o m o t e d C o n d i t i o n s ( T a b l e 3)
All data is from 13C NMR (2) RT — no added promoter
Substrate

Cone. (M)

anisole

1,2-DMB

Time (h)

%Solid

0
1

0
0

3

0

0
1

87
95
>98

26
43
68

32
71
84

5
11
21

2
8
15

7
18
33

0
0

2
3
6

2
3
6

0
0
0

3
4
8

3
4

0
1
3

0
0
0

1
2
3

0
1

0
0
0

3
0
1

3
0
1

3

o-Cl anisole

m-Cl anisole

P-CH3 anisole

1

<1

49
51

1

p-Cl anisole

<1%

not observable
not observable

91
97
>98

0

1,4 DMB

not observable
not observable

% Comp.Total

29
52

3

1,3 DMB

% Comp.in solution

3

0

not observable
<1%
1

1

2
3
not observable
<1%
1
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Substrate Promoted DoM Chemistry in Hydrocarbon Media
Opposing-Pi-resonance/Substrate-Promoted Conditions (Table 3)
All data is from 13C NMR @ RT — no added promoter
Substrate

Cone. (M)

Time (h)
0

%Solid % Comp.in solution

% Comp.Total

3

0
0
0

BME

0
1
3

63
77
80

DMBA

0
1
3

12
16
18

0
1
3

0
0
0

1

1

1,4 TMPDA

2

2

4

4

0
1

37
44
46

1(0)
2(2)
16 (6)

DMA

1

4-MDMA

1

3

0
0
0

0
0
0

14
68
21
83
rearranges and decomposes
8
10
15

19
25
30

37
47
57

Note: both O
and N complex (%N)

3-MDMA

1

0
1

4

3

12

0(0)
7(6)
10 (9)

1
11
20

Note: both O
and N complex (%N)

3-MDMBA

1

0
1
3

12
14
16

0(6)
0(7)
0(9)

17
20
24

Note: no complexed O is observed;
all is N complex (%N)

1,2,4 TMB

1

1,2,4 TMB

0.1

0

100

1
3

100
100

100
100
100

0
1
3

>98
>98
>98

>98
>98
>98

38

Substrate Promoted DoM Chemistry in Hydrocarbon Media
Opposing-Pi-resonance/Substrate-Promoted Conditions (Table 3)
All data is from 13C NMR @ RT — no added promoter
Substrate

Cone. (M)

Time (h)

%Solid

% Comp.in solution

% Comp.Total

1,2,3 TMB

1

0
1
3

100
100
100

---

100
100
100

1,2,3 TMB

0.1

0
1
3

33
41
50

76
95
98

83
97
>98
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The NMR spectrum after three hours shows almost no uncomplexed species
remaining, and the complexed species is barely above the noise level (though much larger
than the signal for the uncomplexed species). Here it is assumed that as the concentration
of the complex increases it becomes somewhat insoluble and is coming out of solution
and, as such, becomes transparent to the NMR observation methods employed.
The second bi-substituted aromatic species to be investigated was 1,3dimethoxybenzene (1,3-DMB). It was hypothesized by Saa et al.42 that 1,3-DMB can
exhibit bridge to n-BuLi where both heteroatoms in the dimethoxybenzene are attached to
a different lithium atom of the n-BuLi dimer. This bridge has been termed the "tweezer"
effect (Figure 24).

OMe

""-OMe
Figure 24. The bidentate complexation of 1,3-DMB proposed by Saa42

An unassisted CIPE mechanism could be envisioned in which the 1,3 - DMB
serves as both the substrate and the catalyst. Indeed, when the reaction of 1,3 - DMB in
pure hydrocarbon solvent without any catalyst at 25 C, a yield of metalated product
greater than 50% was achieved (Figure 25).
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Figure 25. Synthetic runs of 1:1 ratio of 1,3-DMB to n-BuLi in hexane solvent at 25°C

1,3 DMB NMR DATA There exists one methoxy carbon signal at 54.7
ppm in the

13

C NMR spectrum of

1,3-DMB in cyclohexane.

When n-BuLi in

cyclohexane is added to the 1,3-DMB to generate a mixture with a 1:1 molar ratio of nBuLi:l,3-DMB (1M concentration of n-BuLi), a second methoxy carbon signal at 53.5
ppm emerges with increasing time. The new signal represents a new methoxy group with
a single symmetry.

We assign this signal to a methoxy group from a 1,3-DMB that is

complexed to an n-BuLi oligomer. Because there is only one symmetry type for the
methoxy group, it is certain that both methoxy groups of the 1,3 - DMB must be
complexed in a bidentate fashion. Saa42 would suggest it to be the bridged structure
(Figure 25). It should be noted that new aromatic signals also emerge with time, an
observation that is consistent with the formation of condensed-phase complexed species.
The amount of the complexed form of 1,3-DMB with an n-BuLi oligomer versus
uncomplexed 1,3 -DMB increases dramatically faster than that for anisole under similar
conditions (Table 3). At time zero, defined as the time in which the n-BuLi was added to
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substrate plus the analysis time for the NMR spectrum (ca. 45 minutes), the amount of
complexed 1,3-DMB corresponds to 32%. After one-hour reaction time, the complexed
form contributes 71% and increases to roughly 84% complexed after three hours (Table
3). Interestingly, it is precisely over the same time period where the yield of metalated
product roughly doubles43 (Figure 25).

Therefore, direct evidence for 1,3-DMB

substrate-catalyzed complexation to n-BuLi is conclusively shown with the amount of
complex formed as a function of time tracking the time dependant yield of metalated
product.
Interestingly, after one hour reaction time, only 32% of 1,3-DMB complexes to nBuLi whereas for 1,2-DMB it is almost completely complexed. This observation is quite
consistent with the observed relative metalation chemistry (Figure 25), where the time
dependant yield of metalated product for 1,2-DMB is much superior to that for 1,3-DMB.
Therefore, the increased extent of metalation product formed as a function of time for
1,2-DMB over 1,3-DMB directly correlates to the increased ability that 1,2-DMB has
over 1,3-DMB to complex to n-BuLi.
In view of these findings, a reasonable question arises: why does 1,2-DMB
complex to, and therefore, deoligomerize n-BuLi better than does 1,3-DMB? If it is
asserted that the complex involves an n-BuLi dimer, then it could be argued that a chelate
that is 1,2- is more favorable than is a bridge that is 1,3-. The investigations below with
the trimethoxy benzenes shed some light on this issue.
1,2,4- Trimethoxy benzene (TMB)

The

13

C NMR spectrum of 1,2,4 - TMB

possesses three distinct signals between 54 and 56 ppm that correspond to the three
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different methoxy groups of the unsymmetric substrate. When n-BuLi in cyclohexane is
added to the 1,2,4-TMB to generate a mixture with a 1:1 molar ratio of n-BuLi: 1,2,4TMB (1M concentration of n-BuLi), a complete solid forms in the NMR tube and
solution NMR spectroscopy is not possible (Table 1).

Thus, in an effort to gain

mechanistic insight, the sample tube was again prepared at a 1:1 molar ratio of n-BuLi to
1,2,4-TMB, but this time at 0.1 M in n-BuLi. The lower concentration still resulted in
solid formation but succeeded in that an NMR spectrum could be obtained; however, no
evidence for either 1,2,4-TMB or n-BuLi exists in the spectrum (the only observable
signals were from cyclohexane and perdeuterotoluene).

Ostensibly, the two species

formed a complex, presumably 1:1 and fell out of solution. To test this hypothesis, the
tube was ejected from the spectrometer, and excess 1,2,4-TMB was added; then the
sample was readmitted to the spectrometer, and a spectrum was obtained. This spectrum
clearly shows the added, uncomplexed 1,2,4-TMB. If more n-BuLi is added so as to
again return to a 1:1 ratio, once more, evidence for the substrate and for the n-BuLi
vanishes from the spectrum (and additional solid falls out of solution). It is possible to
see NMR evidence for the 1,2,4-TMB substrate only when it exists in greater than a 1:1
molar ratio with respect to n-BuLi. The n-BuLi signals are present only when excess
alkyllithium exists. Whenever a 1:1 molar ratio of 1,2,4-TMB to n-BuLi is achieved,
neither species survives in solution and hence are transparent to the NMR measurements
made under the conditions of our experiment (Table 3).
The only conclusion that can be drawn is that the 1,2,4-TMB complexes with nBuLi in a 1:1 ratio to an insoluble complex in hydrocarbon solvent. If the oligomeric
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form of the n-BuLi within this complex is that of a tetramer, and chelation is taking place,
then the complex would have a stoichiometiy of 4 n-BuLi to 2 substrates. As such, the
complex would have the wrong stoichiometry (2:1 rather than the observed 1:1 ratio for
the complexed species that falls out of solution).

If this were the case, we would see

signals corresponding to the excess uncomplexed 1,2,4 - TMB in our NMR experiments
~ which is not observed.

That a chelated tetramer is ruled out is not surprising, insofar

as each lithium within the tetramer possesses but a single open site and the geometry of
the tetramer would not likely accommodate bridge from the substrate to two different
lithium atoms. If chelation to a tetramer is ruled out, then monodentate complexation is
the only remaining possibility. A monodentate complex to the tetramer, if it formed at
all, would be expected to form slowly based upon the chemistry of anisole. Anisole,
which can only monodentate complex, did so only to a minor extent (less than 10%) and
then only after 24h of equilibration time.

In the case of 1,2,4-TMB, the insoluble

complex forms too quickly and holistically to be consistent with monodentate
complexation akin to that of anisole.

With 1,2,4-TMB, complexation takes place

completely, and does so in an instantaneous fashion, even at one-tenth the concentration
(0.1 M compared to 1.0M in n-BuLi) of the anisole example. Thus, the likelihood that
tetrameric n-BuLi is involved in the complex with 1,2,4-TMB is remote.
The complexed species that does form is almost certainly two 1,2,4-TMB
substrate molecules complexed to two n-BuLi molecules; a dimer akin to those proposed
(Figure 26).

Such a species is the only one that simultaneously has both the proper

stoichiometry and the capability to chelate.

Furthermore, since the complex is formed
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almost instantly in our NMR experiments, if that complex were the dimer complex, it
would be expected that the reactivity of this substrate would be great. This result is
completely consistent with the fact that nearly instantaneous reaction takes place when
1,2,4-TMB is reacted in n-BuLi and cyclohexane as evidenced by a 78% conversion to
the trimethylsilyl derivative after just minutes of reaction time (Figure 26).

Substrate-Promoted metalation of 1,2,4-TMB
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Figure 26. Synthetic runs of 1:1 ratio of 1,2,4-TMB to n-BuLi in cyclohexane solvent at 25°C

1,2,3 Trimethoxvbenzene (1,2,3 - TMB) data

The

13

C NMR spectrum of

1,2,3 - TMB possesses two signals at 55.21 and 59.38 ppm that correspond to the two
symmetry sets of methoxy groups in the molecule.

When n-BuLi in cyclohexane is

added to 1,2,3 - TMB to generate a 1:1 molar ratio of n-BuLi: 1,2,3-TMB (1M
concentration of n-BuLi), sufficient solid forms in the tube rendering solution NMR
spectroscopy impossible. So to once again gain mechanistic insight, as was done with
1,2,4-TMB, the sample tube was prepared at a 1:1 molar ratio of n-BuLi to 1,2,3-TMB,
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but this time at 0.1M in n-BuLi.

At this concentration, a useful NMR spectrum is

possible, in which new methoxy signals growing in with time were observed.

New

aromatic signals also emerge with time, consistent with condensed-phase complexed
species (Table 3).

1,2,3-TMB forms a complex with n-BuLi more slowly than does

1,2,4-TMB, although after 3 h equilibration time, the overall amount of complex is nearly
the same (Table 3). Initially, 83% of the substrate is complexed, at t =1 h there is 97%
total complexation and at t =3 h, there is 98% total complexation.

Interestingly, the

percent complexation of 1,2,3-TMB calculated from NMR spectroscopy results and the
percent metalation of 1,2,3-TMB after quenching with trimethlsilylchloride (Figure 27)
follows the same trends.

Substrate-Promoted metalation of 1,2,3-TMB

- • — Cyclohexane Solvent, 25°C

Figure 27. Synthetic runs of 1:1 ratio of 1,2,3-TMB to n-BuLi in cyclohexane solvent at 25°C

Further, the relative trends for complexation between 1,2,3-TMB versus 1,2,4-TMB and
their relative metalation rates also track. The results from the TMB data potentially shed
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some light on the reason why 1,2-DMB is superior to 1,3-DMB in terms of ability to
complex to n-BuLi. 1,2,4 - and 1,2,3 - TMB both complex very well with n-BuLi. Both
1,2,4 - and 1,2,3 - TMB have methoxy groups in the 1,2 positions (ortho to one another).
Such an arrangement of methoxy groups seemingly facilitates complexation to n-BuLi
dimer better than does a 1,3 (or meta) orientation. Hence, the bidentate complexation
depicted in Figure 22 is more extensive than that depicted in Figure 24.

Summary of salient findings from previous work from our laboratories
> Anisole is a poor metalation promoter because of insufficient localization of the
lone pair of electrons as a result of electron density delocalization into the
aromatic ring. Therefore, anisole is not a suitable substrate for substratepromoted DoM (metalation of substrate in hydrocarbon media without addition of
an external catalyst.)
> DMA is a poor metalation promoter because of insufficient localization of the
lone pair of electrons as a result of electron density delocalization into the
aromatic ring. Therefore, anisole is not a suitable substrate for substrate-promoted
DoM (metalation of substrate in hydrocarbon media without addition of an
external catalyst.)
> THF has localized lone pairs of electrons; therefore, THF is a sufficient catalyst
for the deoligomerization of alkyllithium reagents.
>

THF forms a complex with lithium through monodentate complexation.

>

TMEDA has localized lone pairs of electrons; therefore, TMEDA is a sufficient
catalyst for the deoligomerization of alkyllithium reagents.

>

TMEDA forms a complex with lithium through chelation

>

The efficient deoligomerization of alkyllithium reagents is accomplished with
fewer equivalents of TMEDA than THF, which is attributed to the ability of
TMEDA to chelate.

>

1,2-dimethoxybenzene, 1,2-DMB, is capable of forming a chelate with lithium.
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>

1,3-dimethoxybenzene, 1,3-DMB, is capable of forming a bridge with lithium,
though a different than the chelate of 1,2-DMB.

> For 1,2-DMB and 1,3-DMB, the assertion is that chelation and bridging
compensates for the delocalization of the lone pair electron density into the
aromatic ring.
Therefore, 1,2-DMB and 1,3-DMB can complex to and
deoligomerize alkyllithium.
> This is illustrated by direct observation of complexed 1,2 and 1,3-DMB by NMR
and also by sufficient yields of o-lithiated product by reaction studies. Therefore,
these species can be metalated without added promoter.
>

1,2-DMB complexes to and deoligomerizes the alkyllithium reagent better than
does 1,3-DMB.

>

1,2-DMB metalates at a faster rate and greater extent than does 1,3-DMB.

>

1,2,4-trimethoxybenzene, 1,2,4-TMB, forms a complex with the dimeric
alkyllithium species in a 1:1 ratio of 1,2,4-TMB to n-BuLi.

>

1,2,4-TMB complexes with alkyllithium species through a chelate.

> Based upon the 1:1 l,2,4-TMB:n-BuLi stoichoimetry, the assertion is that the
species is a dimer (Figure 28)
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MeO.

N

t

\

OMe

/

Xi
.Li
MeO.

//

OMe

\

MeO
Figure 28. The envisioned complex between 1,2,4-DMB and the n-BuLi dimer.
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>

1,2,3- TMB forms a complex with the dimeric alkyllithium species in a 1:1 ratio.

>

1,2,3-TMB complexes with alkyllithium species through a chelate.

> Based upon the 1:1 1,2,4-TMB to n-BuLi stoichoimetry, the assertion is that the
species is a dimer (Figure 29)

—OMe
MeO.

OMe

Figure 29. The envisioned complex between 1,2,3-DMB and the n-BuLi dimer.

>

1,2,4-TMB reacts faster than does 1,2,3-TMB, but after equilibration, the amount
of complexation is essentially the same.

> Methoxy groups in the 1,2- positions on the aromatic ring facilitate the formation
of a chelate with lithium to a greater degree than does methoxy groups in the Impositions.
> In all the observed systems the extent of metalation (production of ortho-Si(CH3)3
product) tracks the extent of complexation as observed by NMR. As the extent of
complexation goes up the degree of product formation goes up.
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Extension of substrate-promoted DoM

The earlier work within our laboratories was completed without fully answering
all the pertinent mechanistic questions.

Specifically, this singular work lacked a

sufficient array of substrates to develop a detailed picture of all the features that dictate
whether a substrate will undergo successful metalation in hydrocarbon solvents without
catalyst.
The aforementioned initial work clearly indicates that the degree of lone-pair
availability on the DMG of the substrate is a determining factor as to whether that
substrate can undergo metalation without promotion. A second factor clearly indicated
from the early work is that the ability to chelate is also a major factor. Is it possible that
other factors also play a role?
The main focus of my thesis research is to extend the array of substrates
investigated in hopes of more fully understanding what are the structural requirements for
substrate promoted-metalation.

In continuing the study of potential substrates able to

react under substrate-promoted reaction conditions (hydrocarbon solvent without added
catalyst), we began studying 1,4-DMB. Ab initio geometry optimization calculations of
1,4-DMB reveal that the oxygen-oxygen through-space distance (5.548 angstroms) is too
great to allow for chelation. Since it is certain that 1,4-DMB cannot chelate to n-BuLi, it
was hypothesized that 1,4-DMB would be comparable to anisole as a complexing agent
and, as a result, not undergo significant metalation without added catalyst. We tested this
hypothesis utilizing the previously established protocol,43 evaluating the ability of 1,4DMB to complex with n-BuLi followed by room temperature

13

C NMR and it was
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observed that 33% of 1,4-DMB complexed with n-BuLi after 3 h (better than an order of
magnitude greater than that for anisole) (Spectra 1 and 2). Furthermore, when 1,4-DMB
was reacted with n-BuLi under appropriate substrate promoted reaction conditions, 53%
of the 1,4-DMB derivatized product was generated after 6 h (Figure 30).

Substrate-Promoted metalation of 1,4-DMB
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Figure 30. Synthetic runs of 1:1 ratio of 1,4-DMB to n-BuLi in cyclohexane solvent at 25°C

How can such efficient complexation/deoligomerization be observed in a system
where bidentate complexation is not possible?

By way of NMR measurement (Spectra

1 and 2), 1,4-DMB is dramatically better able to deoligomerize n-BuLi than is anisole
and, by way of metalation efficiency, is also correspondingly significantly more reactive.
Both 1,4-DMB and anisole form monodentate complexes with n-BuLi. What enhances
1,4-DMB's ability to complex to n-BuLi and correspondingly increases its reactivity?
To answer this question, consideration must be given to the availability of the
lone pairs on the methoxy groups of each species. In anisole, the lone pairs of the
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methoxy group are, to some degree, delocalized

into the aromatic 7r-system.

Consequently, the methoxy group of anisole has less lone pair electron density available
for complexation to n-BuLi than would a similar oxygen species without such an
aromatic rc-system (i.e. THF).

The lone pairs of the methoxy groups of 1,4-DMB are

also delocalized into the aromatic 7r-system, but owing to the 1,4-disubstitution pattern,
the 7T-resonance from one -OCH3 "opposes" that from the other -OCH3 group, resulting in
less resonance donation from the lone pairs, and greater electron availability to complex
to and deoligomerize n-BuLi. This inherent localization of electron density in substrates
with multiple DMG's at either the ortho or para position with respect to one another we
now term the "opposing-71-resonance effect." The opposing-Tt-resonance effect (OPR)
explains the experimental observations regarding the chemistry of 1,4-DMB (Table 3).
The resonance structures (Figure 31) embodied within boxes, structures I and II, possess
anionic character on the carbon that bears the lone pair donating group (-OMe). The
presence of anionic character on the carbon bearing a resonance donating group (-OMe)
will inhibit that donating group from delocalizing its electrons into the ring, resulting in
an enhanced degree of localization of the lone pairs on the donating group (-OMe). This
will enable the lone pairs on -OMe to better coordinate to and deoligomerize n-BuLi
(resulting in reasonable metalation yield without added catalyst).
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The assumption that localization of lone pair electron density on the DMG plays a
significant role in the ability of that substrate to complex to and deoligomerize n-BuLi
(and thereby metalate in the absence of added catalyst) must be verified. To that end, two
additional substrates, benzyl methyl ether (BME) and

N,N-dimethylbenzylamine

(DMBA), were evaluated because they each possess a methylene unit between the
aromatic ring and the lone-pair bearing heteroatom, precluding any possibility of lone
pair delocalization into the aromatic ring. Therefore, these substrates represent species
that possess completely localized heteroatom lone pairs (Figure 32).

BME

DMBA

Figure 32. The structures of benzylmethylether (BME) and dimethylbenzylamine (DMBA)

Both BME and DMBA complex to n-BuLi dramatically better than do their
analogs that are delocalized (BME at 83% in 1 h vs. anisole at <1 %, and DMBA at 30%
in 3 h vs. DMA at 0% after 24 h; (Table 3) (spectrum 3-6). This is consistent with the
assumption that the degree of localization of DMG lone pairs dictates the ability the
substrate possesses to complex to and deoligomerize n-BuLi.
If the observation that 1,4-DMB complexes to and deoligomerizes n-BuLi well
and, as a result, undergoes metalation in hydrocarbon media without the need for added
catalyst is the result of heteroatom lone pair localization by an opposing 7t-resonance
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effect, then it would be expected that other related substrates should also undergo similar
chemistry. In directly comparing anisole to DMA in terms of their ability to delocalize
lone pair electron density, it is noted that in linear free energy relationships the o value
for an -NH2 is -0.66 whereas that for -OH is -0.37, indicating that nitrogen has a greater
capability to donate its lone pair of electrons into the aromatic 7t-system than does
oxygen. Further, an -NR2 group is a strong activating group in EAS whereas an -OR
group is less so. Therefore, the lone pairs on DMA (an -NR2 substituted benzene) should
be more delocalized than those on anisole (an -OR substituted benzene) and thus be less
available to complex/deoligomerize n-BuLi and should then result in a poorer metalation
yield in hydrocarbon DoM chemistry. This result is precisely what is observed in Table
3. This comparison, however, is somewhat flawed in that the -NR2 group in DMA is
more sterically hindered than is the OR group in anisole, and this also effects
complexation ability (as will hard/soft acid base considerations regarding oxygen versus
nitrogen, etc.). Therefore, an internal comparison of the role that the degree of DMG lone
pair localization plays is a better test. Thus, our initial comparison of anisole to 1,4 DMB
in terms of ability to complex to n-BuLi in hydrocarbon media is insightful.

As

addressed earlier, 1,4-DMB complexes to n-BuLi readily whereas anisole does not (Table
3). An analogous comparison involving the nitrogen-containing species DMA and 1,4-N,
N, N',N'-tetramethylphenyldiamine (1,4-TMPDA) is also insightful.
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N(CH3)2

(CH3)2N
1,4 TMPDA

Figure 33. Structure of 1,4-N, N, N \ N'-tetramethylphenyldiamine (1,4-TMPDA)

Under substrate promoted metalation conditions, NMR investigation reveals that DMA
does not complex to n-BuLi to a measurable extent. Consistent with this observation,
when DMA is reacted with n-BuLi for 26 hours and is then quenched with Cl-TMS, no
•

product is generated. In contrast, the

1^
1J

C NMR spectra of 1,4-TMPDA do reveal that

modest complexation to n-BuLi, albeit minimally so (Table 3), takes place.

When

reacted in hydrocarbon media without promotion, 1,4-TMPDA generates nearly 20%
TMS-derivitized product after 26 hours (Figure 34).

Substrate-Promoted metalation of 1,4-TMPDA
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Figure 34. Synthetic runs of 1:1 ratio of 1,4-TMPDA to n-BuLi in cyclohexane solvent at 25°C
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That 1,4-TMPDA undergoes metalation, whereas DMA does not, is consistent with an
opposing 7t- resonance argument. Further support for this contention comes from the
interpretation of the

13

C NMR data (spectra 7 and 8, pp 65 and 66) which reveals that

complexation occurs, as expected, in a monodentate fashion as evidenced by there being
by the three different N(CH3)2 8 values observed.

The 1,4-TMPDA that is free in

solution has a 5 value of 41.7ppm for the two symmetric N(CH3)2 moieties.

When

complexed, the N(CH3)2 of the 1,4-TMPDA that is associated with lithium has a 8
value of 46.8 ppm and the uncomplexed N(CH3)2 in the para position with respect to the
N(CH3)2 that is complexed has a 8 value of 41.3 ppm.
A 1,4-disubstituted aromatic in which one DMG is an -N(CH 3 ) 2 and the other is
an -OCH3, 4-MDMA, was also evaluated. 4-MDMA complexes to n-BuLi dramatically
better than does 1,4-DMB (Table 3) indicating that the magnitude of the opposing nresonance effect in 4-MDMA is greater than that for 1,4-DMB.

OMe

4-MDMA
Figure 35. Structure of 4-methoxydimethylaniline

The NMR evidence is that it is the oxygen's lone pair that complexes to the alkyllithium
as evidenced by direct observation of a second -OMe resonance (spectra 9 and 10). This
suggests that the -N(CH3)2 lone pair is utilized primarily as the opposing 71-resonance
donating group facilitating -OMe complexation. Synthetic data also shows evidence that
the methoxy group forms a complex with alkyllithium to a greater extent than does
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-N(CH 3 ) 2 Of 4-MDMA (Figure 36). The data also shows that -N(CH 3 ) 2 is donating it
lone pairs of electrons into the aromatic ring, thus increasing the localization of the lone
pairs on the methoxy group.

Substrate-Catalyzed metalation on 1,4-MDMA
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Figure 36. Synthetic runs of 1:1 ratio of 1,4-MDMA to n-BuLi in cyclohexane solvent at 25°C

This observation is a reasonable one in that the -N(CH3)2 group is better at donation to
the aromatic ring than is an -OCH3 group as evidenced by degree of activation in
electrophilic aromatic substitutions, linear free energy arguments, and the fact that DMA
does not complex to n-BuLi at all in hydrocarbon media whereas anisole does (albeit to a
minor degree).

A second implication is that the -N(CH3)2 group is not as good a

complexing moiety as is an -OMe group. (Figure 37). This implication is verified based
upon the DMA/anisole comparison and the 4-MDMA complexation data.
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Figure 37. The comparison of 1,4-DMB to 4-MDMA, illustrating the fact that an -N(CH 3 ) 2 group is a
better opposing 7i-resonance donating group than is an -OMe group.

If an opposing rc-resonance effect is indeed operative, as all our data to this point
suggests, then the effect should be manifest only for ortho and para-disubstituted arenes
and

not

for

a

meta-disubstituted

species.

To

test

this

assertion,

3-

methoxydimethylaniline, 3-MDMA, was evaluated.

3-MDMBA
Figure 38. Structures of 3-methoxydimethylaniline and 3-methoxydimethylbenzylamine

In 3-MDMA, no opposing 7i-resonance effect is possible owing to the meta disposition
between the -OMe and -N(Me)2 groups. Therefore, the -OMe in 3-MDMA should
complex dramatically less than does the -OMe in 4-MDMA (where the two substituents
are in para positions with respect to one another). This prediction is exactly what is
observed as measured by percent complexation by

13

C NMR (Table 3, spectra 11-12).

The -OMe substituent in 3-MDMA does, however, complex better than does the -OMe in
anisole, suggesting that the 3-MDMA bridge complexes.

This difference in

complexation is also validated by observed -N(Me)2 complexation in 3-MDMA. When
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3-MDMA is reacted in hydrocarbon media without promotion and the resulting lithiated
intermediate is quenched with Cl-TMS, the yield of derivitized product never exceeds 4%
(Figure 39). This result is consistent with the low degree of complexation observed by
NMR.

Substrate-Catalyzed metalation on 1,4-MDMA

Figure 39. The synthetic plots of 1,4-MDMA and 1,3-MDMA in cyclohexane at 25°C.

It is clear from earlier results that a delocalized -OMe group is better at
complexing to n-BuLi than is a delocalized -N(Me)2 group (anisole vs. DMA and the
4-MDMA data). Further, a localized -OMe group is better at complexing to n-BuLi than
is a localized -N(Me)2 group (BME vs. DMBA).

To test the relative roles of

delocalization/localization vs. oxygen/nitrogen in terms of facilitating complexation, we
investigated 3-MDMBA.

In 3-MDMBA the lone pairs on the -OMe group are

delocalized and the lone pair on the -N(Me)2 group is localized.

The

13

C NMR data
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reveals that the only complexation observed involves the necessarily localized lone pair
on the -N(Me)2 moiety (Specta 13-14). Thus, localization of lone pair electron density is
a critical factor. This factor is further manifest in that 3-MDMBA yields a large amount
of derivitized product (after long reaction time) when reacted with n-BuLi in hydrocarbon
media without promotion (Table 3). This chemistry sharply contrasts with the chemistry
of 3-MDMA.
Conclusion
> One factor that determines if a substrate will have the ability to complex to and
deoligomerize the alkyllithium without the aid of catalyst is the availability
(localization) of lone pairs of electrons. The more localized the electrons pairs,
the better they are able to complex to and deoligomerize alkyllithium reagents.
> Lone pairs of electrons on substrates that are delocalized into the aromatic ring
make that substrate less able to complex to and deoligomerize alkyllithium
reagents.

> In both anisole and DMA, delocalization of lone pair electron density into the
aromatic ring occurs; therefore, the ability to complex alkyllithiums is limited.
•

Anisole complexes to 1% after 3 h (13C NMR).

•

DMA shows no evidence of complexation after 3 hours.

> As seen from both the NMR and synthetic experiments associated with BME and
DMBA, localized oxygen lone pairs of electrons are better able to complex with
alkyllithiums than are lone pairs of electrons localized on nitrogen.

>

1,4-DMB complexes to alkyllithiums to a significantly greater extent than does
anisole. Therefore, the lone pairs on 1,4-DMB must be more localized than those
on anisole. The means by which these lone pairs of electrons are localized has
been termed the opposing-7i-resonance effect (OPR).

>

1,4-TMPDA complexes while DMA does not.
nitrogen donation exists.

Therefore, OPR involving
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> A comparison between 1,4-DMB and 1,4-TMPDA shows that oxygen complexes
to a greater extent than does nitrogen in OPR.
> In 4-MDMA, both nitrogen and oxygen participate in OPR, enabling the methoxy
and amine groups to complex to a greater degree than do the same DMG's in
anisole and DMA.
> In 4-MDMA the oxygen complexes to the alkyllithium to a greater degree than
does the nitrogen.
> In 4-MDMA the nitrogen donates its lone pair of electrons into the aromatic ring
to a greater extent than does oxygen. Therefore, oxygen has a higher percent of
complexation to the alkyllithium atom than does nitrogen.
'> A comparison between 1,4-DMB and 4-MDMA shows that the amine group is a
better OPR donator than the methoxy group.

o

\

Complexes

o

\

Complexes Better

Figure 40. A comparison of the OPR effect of 1,4-DMB and 4-MDMA toward complexation.

> Because the amine group is an excellent OPR donator, one would expect 1,4TMPDA to engage in extensive complexation; however, NMR data provides little
support for this expectation.
•

Either the tertiary amine substituent is a poor complexing species.

•

Or the n-BuLi and amine complex and exchange very rapidly.
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>

1,2-disubstituted aromatics enable chelation whereby both DMG's on the
aromatic complex to the same lithium within the alkyllithium dimer.

>

1,2-disubstituted aromatics also engage in DMG lone pair electron density
localization by the OPR effect.

>

1,3-disubstituted aromatics enable bridging whereby the DMG's on the aromatic
complex to different lithium within the alkyllithium dimer.

>

1,3-disubstituted aromatics do not engage in the OPR effect.

>

1,4-disubstituted aromatics enable OPR complexation only.
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Table 4. Tables of contents of NMR Spectra
1.

13

2.

13

3.

13

4.

13

5.

13

6.

13

7.

13

8.

13

9.

13

C NMR of the standard 1,4-dimethoxybenzene (1,4-DMB)
C NMR of 1 to 1 molar ratio of 1,4-DMB and n-BuLi

C NMR of the standard N,N-dimethylbenzylamine (DMBA)

C NMR of 1 to 1 molar ratio of DMBA to n-BuLi

C NMR of the standard benzylmethylether (BME)
C NMR of 1 to 1 molar ratio of BME and n-BuLi

C NMR of the standard 1,4-N, N, N \ N'-tetramethylphenyldiamine (1,4-TMPDA)

C NMR of 1 to 1 molar ratio of 1,4-TMPDA and n-BuLi
C NMR of the standard 4-methoxydimethylamine (4-MDMA)

10.13C NMR of 1 to 1 molar ratio of 4-MDMA and n-BuLi
11. 13 C NMR of the standard 3-methoxydimethylamine (3-MDMA)
12.13C NMR of 1 to 1 molar ratio of 3-MDMA and n-BuLi
13.13C NMR of the standard 3-methoxy-N,N-dimethylbenzylamine (3-MDMBA)
14. 13 C NMR of 1 to 1 molar ratio of 3-MDMBA and n-BuLi
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III. EXPERIMENTAL

Small Scale Synthesis (6mL)

i) Overview of Approach for the Analysis of Time Dependant Yield
For all small-scale syntheses the reaction of the substrate, the alkylithium reagent
and any catalysts is allowed to run for an allotted time. As the reaction proceeds, aliquots
are taken by gas tight syringe at varying times (2m, 10m, 30m, lh, 2h, and 6h)
(Figure 10). Each aliquot consists of a 0.5ml volume from the reaction vessel that is then
placed in a separate vessel containing 0.5ml of 2M chlorotrimethylsilane (C1TMS) in
hexanes. This step of the procedure involves the second mechanistic step in the DoM
reaction, nucleophilic attack of the solution containing the aryllithium intermediate on the
electrophile, C1TMS.

After addition of the aliquot from the reaction vessel to the

C1TMS, the reaction is allowed to proceed for one hour and then is quenched with a
proton source (Figure 40).
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,DMG
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( X
4 Dram Reaction Vessel

Remove aliquots at
T=2m, 10m, 30m, 1h, 3h,6h
Add to
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CI—Si-CH,

+

I
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CH3

U fSi—CH,
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Yields variable in amounts of

3

CH3
By GC and GC/MS
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Si—CH,

Aliquot 3 Dram vessel

CH,

Figure 41. Reaction Scheme for DoM small/large scale synthesis.

The product generated is an aromatic species with an ortho substituted Si(CH3)3 group
with respect to the DMG. Product Distribution is then assessed, qualitatively by GC/MS
and then quantitatively by GC.

ii) List of Materials
For all small scale synthesis reactions the following materials are needed.
1).

1 tank of ultra high purity Nitrogen (with hose and needle for purging)

2).

Parafilm (to wrap around septa to help prevent air form reaching the inside
of the reaction vessel)

3).

Stir plates (maybe heated)
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4).

Stir veins or bars

5).

Gas tight syringes (for reagent addition and collection of aliquots)

6).

18 gauge 3" needles (for collection of aliquot)

7).

22 gauge 1.5" needles (for reagent addition)

8).

4 Dram Vials (or 15ml vial) used as reaction vessel

9).

Septa to fit the 4 Dram vial

10).

Five-3 Dram Vials with caps (reaction for an aliquot addition to C1TMS)

11).

1 Circulating water heater from Fisher Scientific model Isotemp 2100

12).

Shallow water bath with a deep end for heater (a variable temperature
circulating heater).

13).

Five glass syringes 10 ml with 18 gauge 12" needles (reagent delivery)
One each for the delivery of substrate, catalyst, solvent, and RLi.

iii) Step by step process typical for small scale synthesis
Note: Perform the following:
1).

Label six 3 Dram vials as T=2 m, T=10 m, T=30 m, T=1 h, T=3 h, T=6 h.
(Must have Teflon lined caps for each)

2).

Into each labeled vial, place 0.5ml of C1TMS and seal each vessel

**These vials will be used in step 10.**
3).

Obtain a clean, dry 4 Dram vial.

4).

Flame dry the 4 Dram vial (or place in a 100 °C oven for 24 h)

Place a stir bar or vein into the 4 Dram vial and then place a septum over
the mouth of the 4 Dram vial and wrap parafilm around to insure seal.
Purge with nitrogen for 30 s (place a vent needle and the gas needle into
the septum). After the 30 s, remove the vent needle first and then the
nitrogen needle to ensure a positive pressure (less than one second
difference in time).
Add the appropriate volume of catalyst (i.e. THF, TMEDA, etc.) via glass
syringe (clean and dry) (Table 6 for exact volumes).
Add the appropriate amount of substrate via glass syringe (clean and dry
both syringe and needle).
Place the vessel containing the catalyst and the substrate into the water
bath for 15 m to equilibrate to appropriate temperature.
Obtain the appropriate amount of alkyllithium reagent utilizing a glass
syringe (clean and dry syringe and needle). The syringe used must be at
least twice the volume of material to be transferred. To fill the syringe,
insert the needle into the sure-seal of the alkyllithium vessel. Leave the
needle out of solution above the liquid in the void volume within the
vessel. Then insert the needle from the nitrogen tank into the septa so as
to pressurize the sure seal vessel (gas flowing slowly). Allow the flowing
nitrogen gas to displace the syringe plunger to the point where a small
volume of nitrogen gas fills the syringe (0.5ml to 1ml). Then place the
syringe needle into the solution allowing the pressure of the nitrogen gas
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flow to cause the liquid to enter into the syringe to the desired volume.
Once the proper volume is attained, remove the needle with the nitrogen
and then remove the syringe and syringe needle).

Make sure once

removed from the vessel to hold the plunger of the syringe up so that RLi
is not permitted to leak from the syringe.
11).

Add a vent needle to the reaction vessel (from step 7). Add the
alkyllithium to the vessel, slowly, with a rate of 1ml per minute. When all
of the alkyllithium is added, remove the vent needle. This point in time is
equal to T=0. Be careful and watch to see if over-pressurization occurs. If
the septa begins to bulge, put in the vent needle to relieve pressure. This
usually will be needed only for the first hour of reaction time.

12).

Take aliquots at 2 m, 10 m, 30 m, 1 h, 3 h, and 6 h, using a gas tight
syringe with an 18 gauge 3" needle. Each aliquot consists of a 0.5 ml
volume from the reaction vessel. Inject the aliquot into a labeled vessel
that contains 0.5ml of C1TMS (prepared in steps 1 and 2).

13).

Add 4 ml of hexanes to increase the volume of the organic layer.

14).

Wait lh and then add 4ml of saturated sodium bicarbonate; a two layer
system will form. There is no need to separate the layers. Seal the vessel
and store for later analysis.

15).

Analyze the top layer by GC/MS for % yield.

Table 5. Volumes of materials used in small scale synthetic reaction sequences
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Alkvllithiums

Small
Scale (ml)
8xl0"3 mol

n-BuLi (2M in cyclohexane)
n-BuLi (10M in hexane)
sec-BuLi (1.4M in cyclohexane)
tert-BuLi (2M in heptane)
Tert-BuLi (10M in heptane)

4
not used
5.7
4.71
not used

Catalysts
TMEDA
n-methyl pyrrolidine

1.21
0.83

Glyme
THF

0.83
0.65

MTBE

0.95

Small Scale
(ml)
Substrates
Anisole
DMA
DMBA
1,2-DMB
1,3-DMB
Chlorobenzene
DEA
Phenatole

Total
Volume

0.87
1.01
1.16
1.02
1.05
1.34
0.81
1.27
1.02

6

iv) Clean up
Dispose of the contents of the reaction vessel into a proper waste container. Wash
the reaction vessel, glass syringes, 12-inch needles, and spin bar with soap and water.
After washing, rinse the inside and exterior with acetone. Finally place the needles, glass
o

syringes and reaction vessel into a 150 C oven for drying.

Large Scale Synthesis (30 mL)
i) Overview of Approach for the Analysis of Time Dependant Yield
For all large-scale syntheses the reaction of the substrate, the alkyllithium reagent,
and any catalysts is allowed to run for an allotted time. As the reaction proceeds, aliquots
are taken by gas-tight syringe at varying times (2 m, 10 m, 30 m, 1 h, 3 h, and 6 h). Each
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aliquot consists of a 1ml volume from the reaction vessel which is then placed in a
separate vessel containing 1ml of 2M chlorotrimethylsilane (C1TMS) in hexane. This step
of the procedure involves the second mechanistic step in the DoM reaction, nucleophilic
attack of the o-lithointermediate on the electrophile, C1TMS.

After addition of the

aliquot from the reaction vessel to the C1TMS, the reaction is allowed to proceed for one
hour and then is quenched with a proton source. Product Distribution is then assessed by
a combination of GC and GC/MS methods.

ii) List of Materials
For all large scale synthesis reactions the following materials are needed.
1).

1 tank of ultra high purity Nitrogen (with hose and needle for purging)

2).

Shallow water bath.

3).

Stir plates (maybe heated)

4).

Stir veins or bars

5).

22 gauge 1.5" needles (for reagent addition)

6).

100ml round bottom flasks

7).

Septa to fit the 100ml round bottom flasks

8).

Five-3 Dram Vials with caps (points placed into C1TMS in vial)

9).

1 Circulating water heater from Fisher Scientific model Isotemp 2100

10).

Parafilm
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11).

Eleven glass syringes 10 ml with 18 gauge 12" needles (reagent delivery
and collection of aliquots) One each for the delivery of substrate, catalyst,
solvent, and RLi. One each for times: 2 m, 10 m, 30 m, 1 h, 3 h, 6 h.

12).

40ml glass syringe (alkyllithium delivery).

iii) Step by step process for large scale synthesis (30 mL)
Note: before doing a synthetic reaction, do the following:
1).

Label six 3 Dram vials as T-2 m, T=10 m, T=30 m, T=1 h, T=3 h, T=6 h.
(Must have Teflon lined caps for each)

2).

Into each labeled vial, place 1.5ml of 2M C1TMS in hexane and seal each
vessel

** These vials will be used in step 10.**
3).

Obtain a clean, dry 100ml round bottom flask.

4).

Flame dry the 100ml round bottom flask (or place in a 100 °C oven for
24 h)

5).

Place a stir bar into the 100ml round bottom flask and then place a septum
over the mouth of the 100ml round bottom flask and wrap parafilm around
to insure the seal.

6).

Purge with nitrogen for lm (place a vent needle and the gas needle into the
septum). After 30 s, remove the vent needle first and then the nitrogen
needle to ensure a positive pressure (less than one second difference in
time).
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7).

Add the appropriate volume of catalyst (i.e. THF, TMEDA, etc.) via glass
syringe (clean and dry) (Table 6 for exact volumes used).

8).

Add the appropriate amount of substrate via glass syringe (clean and dry
both syringe and needle).

9).

Place the vessel containing the catalyst and the substrate into the water
bath for 15 m to equilibrate to appropriate temperature.

10).

Obtain the appropriate amount of alkyllithium (Table 6) reagent utilizing
a glass syringe (clean and dry syringe and needle). The syringe used must
be at least twice the volume of material to be transferred. To fill the
syringe, insert the needle into the sure-seal of the alkyllithium vessel.
Leave the needle out of solution above the liquid in the void volume
within the vessel. Then inset the needle from the nitrogen tank into the
septa so as to pressurize the sure seal vessel (gas flowing slowly). Allow
the flowing nitrogen gas to displace the syringe plunger to the point where
a small volume of nitrogen gas fills the syringe (0.5ml to 1ml). Then
place the syringe needle into the solution allowing the pressure of the
nitrogen gas flow to cause the liquid to enter into the syringe to the desired
volume. Once the proper volume is attained, remove the needle with the
nitrogen and then remove the syringe and syringe needle). Make sure
once removed from the vessel to hold the plunger of the syringe up so that
RLi is not permitted to leak from the syringe.
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11).

Add a vent needle to the reaction vessel (from step 7). Add the
alkyllithium to the vessel, slowly, with a rate of 1ml per minute. When all
of the alkyllithium is added, remove the vent needle. This point in time is
equal to T=0. Be careful and watch to see if over-pressurization occurs. If
the septa begins to bulge, put in the vent needle to relieve pressure. This
usually will be needed only for the first hour of reaction time.

12).

Take aliquots at 2 m, 10 m, 30 m, 1 h, 3 h, and 6 h, using a gas tight
syringe with an 18 gauge 3" needle. Each aliquot consists of a 1ml volume
from the reaction vessel. Inject the aliquot into a labeled vessel that
already contains 1.5ml of 2M C1TMS in hexanes already inside (prepared
in steps 1 and 2).

13).

Add 4 ml of hexanes to increase the volume of the organic layer.

14).

Wait lh and then add 4ml of saturated sodium bicarbonate. To each of the
3 Dram vials, labeled as T=2 m, 10 m, 30 m, 1 h, 3 h, and 6 h, a two layer
system will form. There is no need to separate the layers. Seal the vessel
and store for later analysis.

15).

Analyze the top layer by GC and GC/MS for % yield.

Table 6. Volumes of materials used in large-scale synthetic reaction sequences.
Large
Scale (ml)

Large
Scale (ml)
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0.04 mol

Alkvllithiums
n-BuLi (2M in cyclohexane)
n-BuLi (10M in hexane)
sec-BuLi (1.4M in cyclohexane)

20
4
28.6

Substrates
Anisole
DMA

4.34
5.12

tert-BuLi (2M in heptane)

20

DMBA

6.36

Tert-BuLi (10M in heptane)

4

1,2-DMB
1,3-DMB

5.25
5.1

Chlorobenzene

4.03

6
4.1
4.14

DEA
Phenatole

4.06
6.36

3.2

Total Volume

Catalvsts
TMEDA
n-methyl pyrrolidine
Glyme
THF
MTBE

30

4.76

iv) Clean up
Dispose of the contents of the reaction vessel into a proper waste container. Wash
the reaction vessel, glass syringes, 12-inch needles, and spin bar with soap and water.
After washing, rinse the inside and exterior with acetone. Finally place the needles, glass
syringes and reaction vessel into a 150°C oven for drying.

GC and GC/MS
i)

a. Instrument: GC/MS: Agilent 5973 Network Mass Selective Detector
Column HP 190901Z-431 5% methylsiloxane 30m x 250pm x ,25pm
normal
Setup Initial temp 70 C for 2 m; Temperature ramped 15°C to

210 C. Volume injected 1pm via lOpl Hamilton syringe into a split
inlet port of 5 to 1
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b. Purpose of GC/MS
The GC/MS is utilized to identify the product chiefly by its mass.
GC/MS can be useful in the identification of starting materials and
products; however, it is limited in that it can only qualify the presence
or absence of a material.

Although GC/MS cannot quantify the

relative amount, GC/MS can identify the order and relative time in
which materials will come off the column of the GC if the columns are
like or similar.

The GC can be used for quantification of starting

materials and products.

ii.)

a. GC: Agilent 6890N HP FID detector
Column HP 190901Z-433 5% Phenylmethylsiloxane 30m x 250|im x
.25 nm normal
o

o

o

Setup: Initial temp 70 C for 2 m; Temperature ramped 1 5 C t o 2 1 0 C

Volume injected lp.1 via 10}j.l Hamilton syringe into a split inlet port of
5 to 1

b. Purpose of Gas Chromatography (GC)
Gas Chromatography can be utilized for the quantitative determination
of materials present in a mixture. As components elute from the GC
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column, they are analyzed with a flame ionization detector (FID).
Flame ionization detection is quantifiable in that the area of the
recorded peak is proportional to the amount of material analyzed. Gas
Chromatography alone cannot identify the material because there is no
way to determine directly the identity of the eluting species (only the
amount of the eluting species evaluated). Therefore, FID enables the
determination of relative amount versus unreacted starting materials
and thus account for percent yield. Thus, GC/MS is required first to
identify both the peak corresponding to unreacted starting material and
product.

Example GC and GC/MS Analysis
An example of the utilities of GC and GC/MS is in the reaction of t-BuLi
and anisole. The GC/MS was run on a lp.1 volume of the reaction at a 2h
point. The initial peaks (from 1 to 3m) are solvent peaks. Then at 3.39m,
a peak with a mass of 108 amu elutes. This peak corresponds to anisole
(unreacted starting material). Then a peak at 6.72 m elutes, with a mass of
180 amu, which corresponds to the ortho- silated anisole.

This

identification of order of elution from the MS can now be applied to the
GC of the same reaction time for quantization of percent starting material
and percent product. A comprehensive table of volumes can be found at
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the end of the experimental section along with sample a GC and a sample
GC/MS series.

Synthetic formation of 1,4-methoxy-N,N-dimethylaniline (1,4-MDMA)

i.

Materials
a) P-anisidine obtained from Aldrich
b) Trimethyl phosphate obtained from Aldrich
c) 500 mL round-bottom flask
d) Reflux condenser
e) Bunsen burner, heating mantle or hot plate.
f) Sodium hydroxide solution (25 %)
g) 600-mL beaker
h) Anhydrous ether from Aldrich
i) Acetic anhydride from Aldrich
j) Hydrochloric acid (20 mL in 30 mL of water)
k) Separatory funnel
1) Magnesium sulfate from Aldrich

ii.

Procedures44
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a) Place 36.948 grams (0.3 moles) of p-anisidine and 0.2 moles of trimethyl
phosphate in a 500 mL round-bottom flask equipped with a reflux
condenser.
b) Heat mixture gently at first and remove the flame when the vigorous and
exothermic reaction commences.
c) When the reaction subsides, two layers are present; gently heat the two
layers at reflux for 2 h.
d) Cool the mixture to 50°C and add the 100 mL of the 25% NaOH solution
(25 grams of NaOH with 100 mL of water).
e) Reflux the solution for 1 h.
f) Pour the mixture into a 600 mL beaker and allow the mixture to cool to
room temperature.
g) Pour off the oily layer of amine from the solid sodium phosphate.
h) Add water to the solid sodium sulfate and extract the aqueous solution
with ether.
i) Combine the oil and ether layers and dry with MgS04.
j) Pour the liquid from the magnesium sulfate, and remove the ether by
distillation.
k) Add an equal volume of acetic anhydride to the remaining solution and
allow the solution to stand over night.
1) Add the hydrochloric acid solution (20 mL of concentrated hydrochloric
acid and 30 mL of water) to the liquid.
m) Shake until the base dissolves.
n) Extract with two 30 mL portions of ether.
o) Add 25% sodium hydroxide solution to the water layer to liberate the
base.

p) Collect and dry the solid.
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iii.

Analysis of product with GC/MS.
a) MS- show principle fragment ions at m/z 152 (M), 151 (M-H, base peak),
136 (151 -Me or 152 - CH4), 120 (151 - OMe), 108 (152 - N(CH3)2 or
151 - CH3N=CH2), 77 (CeHs). The GC shows one peak at 10.00 m plus
the solvent peak.
b) Spectra GC and MS

1 GC: Product of 4-MDMA fromtyMhMtt

Product of 4-MDMA

too

2 00

3 00

4 00

5.00

MS: Product of 4-MDMA from ayntheets

6.00

7 00

8 00

9.00

10.00

11.00

12.00

13.00

14.00

15.00
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NMR Analysis
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i) Instrument
All NMR studies utilized a JEOL CPF-270 NMR, equipped with variable
temperature and multinuclear capabilities. The 13C NMR spectra reported are the result
of 512 scans signal averaged over a 43 m acquisition time based upon a 3 s pulse rate.
All Li NMR spectra reported are signal to averaged over 64 scans with an acquisition of
7 m.

ii) Time Evaluation of NMR Spectra
The NMR experiments reported upon in this thesis were designed to mimic the
reaction conditions from the synthetic experiments addressed in the past section. That is,
time dependant reactions form the centerpiece of the experimental approach. Generally,
our NMR experiments fall into one of four categories.

a)

Standard

13

conditions.

C and 7Li data on isolated species outside of the reaction
Examples include pure promoters, pure alkyllithiums, and

pure solvents. This data serves as benchmark for pertinent chemical shifts
for unreacted species.
b)

13

C and 7Li data
on alkyllithiums mixed with promoters alone.

These

experiments enable the elucidation of oligomeric make up of the
alkyllithium in the presence of catalyst apart from substrate.
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c)

13

C and 7Li data on alkyllithium mixed with substrates alone.

These

experiments probe whether the substrate interacts at all with the
alkyllithium in the absence of catalyst.
d)

13

C and 7Li data on alkyllithium with both catalysts and substrate present.

These experiments mimic the complete reactions that were addressed in
the synthetic experiments. Each of these experiments can be conducted at
room temperature or at low temperature.

Using these experiments,

progress of the metalation could be monitored.
Time dependant NMR data are reported as T=0, 1, and 3 h. The table below shows actual
reaction times.

Table 7. Table of actual time versus Listed time of 13C and 7Li NMR

Listed Time

Actual Time

13

C

T=0 + 45 m

T=0 h

T=1+ 45 m

T=1 h

T=3+ 45 m

T=3 h

'Li
T=0 h

T=0 + 7 m

T=1 h

T=1 + 7 m

T=3 h

T=3 + 7 m
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iii) NMR Sample tube Preparation
The total volume of liquid in the tube NMR is 800 pi. The NMR studies, similar to the
small-scale syntheses, are based upon equivalency ofh-BuLi and substrate with one
equivalent being equal to 8xl0"4 moles. The biggest difference is that no aliquots are
taken from the NMR tube and the tube is not sealed. For each NMR reaction, an internal
standard must be used, the standard of choice being perdeuterotoluene. Toluene-d8 is
used because there are no acidic protons to react with the alkyllithium. All substrates,
catalysts, and solvents are added prior to the addition of the alkyllithium. After addiion
of all reagents, the sample tube is placed into the NMR probe (temperature adjusted for
studies parameters) and analyzed for the nuclei of interest.
Table 8. Volumes used in NMR tubes for analysis of the various compounds.

Alkvllithiums
n-BuLi (2M in
cyclohexane)
sec-BuLi (2M in
cyclohexane)
tert-BuLi (2M in
heptane)
Catalysts
TMEDA
n-methyl pyrrolidine
Glyme
THF
MTBE

NMR
Volumes (pi)

NMR Volumes
(111)
8x10"4 mol

Substrates

400

Anisole

87

570

DMA

101

471

DMBA

116

1,2-DMB
1,3-DMB
3-MDMBA
Chlorobenzene
DEA
Phenatole

102
105
134
81
127
102

Internal standard
Toluene-dg

200

121
83
83
65
95

Total Volume

800
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iv) List of materials needed for NMR Studies:
1)

5mm NMR Tubes

2)

Drummond pipet (lOOpl variable for reagent transfer)

3)

1ml gas tight syringe with — gauge needle (for alkyllithium
reagent)

4)

25 pi Hamilton syringe

v). Step by step procedures
1).

Add 200 pi of toluene-dg via Drummond disposable pipet (bench top
without purging).

2).

Add sufficient amount of substrate to NMR tube via Drummond pipet
(with a new clean glass transfer tube).

3).

Add sufficient promoter via either Drummond or 25 pi Hamilton syringe.

4).

Add the appropriate amount of alkane in which the butyllithium is
dissolved in (800pl-(volume of RLi. + volume of toluene-d + volume of
promoter)) (with a new clean glass transfer tube).

5).

Add alkyllithium via gas tight syringe. (A clean syringe is used every
time).

6).

Place the top on the tube and invert tube. Start time as zero.
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vi). Use of sure-seal alkyllithium vessels.
Upon insertion of a syringe needle into the vessel, a small amount of void air is
drawn from the vessel.

The vessel is then tilted up and the required amount of

alkyllithium is drawn into the syringe. The syringe is then removed and back filled with
nitrogen to generate positive pressure. The opening that the syringe made in the vessel is
then covered with vacuum grease and wrapped with parafilm.

NMR Low Temperature Setup
For NMR studies involving temperatures lower than room temperature, initial
equilibration of the reaction vessel is done at room temperature.

For each analysis

performed at room temperature only one sample tube is needed. For those that deviate
from room temperature, a new tube must be prepared for each corresponding time
analyzed. Example: for a 0, 1, 3 h reaction analysis at room temperature only one tube is
prepared, for low temperature three identical tubes must be prepared (one tube for the 0
h, one for the 1 h, and one for the 3 h). Typical temperatures evaluated are 25, 0, -20,
-40, -60 C. A new NMR sample tube must be made for the 0 h, 1 h and 3 h if a series of
temperatures is not studied. If a series of temperatures is studied, a separate set of NMR
samples for the 0 h, 1 h and 3 h is not necessary.

Analysis of NMR Spectra
The particular substrate in each experiment was added in a 1:1 molar ratio with nBuLi. In the investigation of some substrates, solid formation was observed in the NMR
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tubes. This solid is the o-lithioaryl intermediate that results from the reaction of the
substrate and RLi.

Solid formation increased as a function of time.

However, no

i -j

problem was encountered in the successful generation of valid

iJ

C NMR spectra. For

some substrates, large quantities of solid were produced and excessive line broadening
resulted.

In order to reduce solid formation and study these systems, the molarity of the

n-BuLi in the tube was reduced to 0.1 M. In these cases, we used 8 x 10"5 moles of nBuLi in a total volume of 800 pL (with 200 pL of toluene-dg, 40 pL of 2 M n-BuLi in
cyclohexane and a combination of substrate and cyclohexane of 560 pL). 8 x 10"5 moles
of substrate were utilized in these experiments at 0.1 M in n-BuLi, maintaining a 1:1
molar ratio of n-BuLi to substrate.
The quantitation of the percent complex formed between the substrate and n-BuLi
as reported in Table 1 was determined by the following procedure. The 200pl of toluenedg in each NMR tube served as both the deuterated lock solvent and as an internal
standard by which to compare relative changes in peak height.

By comparing the

integrations of assigned aromatic peaks within the substrate to that for an internal
standard of toluene-dg, the percentage of solid formation was determined. Specifically,
the relative ratio of the signals for the aromatic toluene-dg and the aromatic peaks from
the substrate were determined for a standard solution that consisted of substrate, solvent,
internal standard (toluene-dg) but no n-BuLi. The substrate cannot complex to anything
in these standard experiments and so the ratio of aromatic signals for the substrate to the
toluene-dg serves as a benchmark for zero percent solid formation (and zero
complexation). Then, in separate experiments, NMR tubes containing substrate, solvent,
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internal standard and n-BuLi were analyzed in a similar fashion. In these experiments,
the ratio of the aromatic signals were measured at time equals 0 h, 1 h, and 3 h. The
intensity of the sample signals with respect to the toluene-ds progressively decrease as a
function of time. Next, the 0, 1 and 3 h ratios were divided by the standard ratio and the
resulting number was multiplied by 100. This number represented the percentage of
substrate that still remained in solution either complexed or uncomplexed.

By

subtracting this percentage from 100%, the amount of substrate that complexed out of
solution (the % solid) was calculated.

Next, the integrations of uncomplexed and

complexed peaks were measured in the methoxy region of the NMR spectrum.

The

height of the complexed peak was divided by the sum of the complexed and
uncomplexed peak heights. The resulting number was then multiplied by 100 to give the
percentage of complex that was formed and remained in solution. Since the use of an
internal standard was implemented it was necessary to take the percent substrate still in
solution that was calculated using the aromatic peaks and find the percent of complexed
substrate. The percentage of complexed vs. uncomplexed peak heights was calculated in
the methoxy region. Once this percent of a percent was calculated, the total percent of
complex formation could be found by adding the percent complex in the solid phase to
the percent complex in solution. This calculation operates on the assumption that all olithioaromatic species passes through a complex as a precursor to its formation
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NMR tube clean up
Pour the contents into an approved waste container. Then rinse the tube with 6M
HC1 to eliminate any solid lithium salts. If there are solid materials left, a NMR tube
brush can be used to free them (a pipe cleaner can be used also). Then repeat rinsing
with HC1. After rinsing with HC1, rinse twice with methanol and once with cyclohexane.
Then place the NMR tube upside down and dry overnight in the fume hood.

IV.
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